Unlike mammalian cells, malarial parasites are completely dependent on the de novo pyrimidine pathway and lack the enzymes to salvage preformed pyrimidines. In the present study, first, it is shown that 1843U89, even without polyglutamylation, is a potent folate-based inhibitor of purified malarial parasite thymidylate synthase. The binding was noncompetitive with respect to methylenetetrahydrofolate, and 1843U89 had a K i of 1 nM. The compound also had potent antimalarial activity in vitro. Plasmodium falciparum cells in culture were inhibited by 1843U89, with a 50% inhibitory concentration of about 70 nM. The compound was effective against drug-sensitive as well as drug-resistant clones of P. falciparum. As predicted by the biochemistry of the parasite, the potent inhibition of parasite proliferation by 1843U89 could not be reversed with 10 M thymidine. In contrast, in the presence of 10 M thymidine, mammalian cells were unaffected by 1843U89 even at concentrations as high as 0.1 mM, thus offering a selectivity window of more than 1,000-fold. On this basis, folate-based thymidylate synthase inhibitors may represent a powerful additional tool that can be used to combat drug-resistant malaria.
Malaria is the cause of over 200 million infections and 2 million deaths per year (36) . With the recent acceleration in malarial parasite drug resistance (27, 38) , there is a strong need to identify new chemotherapeutic strategies. Malarial parasites are completely dependent on de novo pyrimidine biosynthesis and cannot salvage pyrimidines (30, 33) . In sharp contrast, mammalian cells readily transport pyrimidine bases and nucleosides and convert them into nucleotides (24) . Thus, a combination of an effective de novo pyrimidine biosynthesis inhibitor and a nucleoside (that only the host can use) should be efficacious (24) .
Of all the de novo pyrimidine biosynthesis enzymes, thymidylate synthase (TS) is particularly attractive as a target for malaria chemotherapy. It is metabolically linked to dihydrofolate reductase (DHFR), a proven target of antimalarial agents such as pyrimethamine (6, 9, 39) . DHFR and TS are part of a single bifunctional polypeptide (1, 3, 4) . Even partial inhibition of TS leads to nucleotide imbalances and cell death (15, 16, 19, 40) . The availability of many known nucleotide-and folatebased potent inhibitors of TS facilitates applications to treatments for malaria (2, 7, 17, 29) . However, TS is one of the most conserved proteins in the cell. No inhibitors bind to TS from one species more tightly than they bind to TS from another species.
To inhibit malarial parasite TS selectively, one must exploit distant differences in metabolism between malarial and mammalian cells (24, 26, 28) . For example, 5-fluoro-2Ј-deoxyuridylate (5-FdUMP) is a potent TS inhibitor (2, 20, 29) , but it is 5-fluoroorotate, a metabolic precursor of 5-FdUMP, that causes inactivation of malarial parasite TS and inhibition of cell proliferation at nanomolar concentrations (24, 26) . It takes high micromolar concentrations of 5-fluoroorotate to inhibit mammalian cells significantly (24) . Furthermore, combining 5-fluoroorotate with uridine further improves the selective toxicity of 5-fluoroorotate (23, 24) .
In an earlier study, the quinazoline folate-based mammalian TS inhibitor D1694 ( Fig. 1 ) (17) was tested against malarial parasites in culture (28) . As expected, the toxic effects of D1694 on mammalian cells could be reversed with 10 M thymidine, but in a promising outcome, the toxic effects on malarial parasites remained unaltered (28) . Unfortunately, D1694 had only modest potency against malarial parasites (50% inhibitory concentration [IC 50 ], 20 M). Kinetic studies revealed that D1694 was a relatively poor inhibitor of malarial parasite TS (K i , 2.8 M), but the polyglutamate form of D1694 was potent (K i , 1.5 nM) (14) . Thus, the poor activity of D1694 against parasite cells could be due, at least in part, to the poor polyglutamylation of D1694 (37) .
In the present study, we examined the antimalarial potential of 1843U89 ( Fig. 1) , a member of a new group of potent folate-based TS inhibitors that do not require polyglutamylation for tight binding to the target TS or for antiproliferative activity (7) .
MATERIALS AND METHODS
Reagents. 1843U89 was kindly provided by Eric Furfine of Glaxo Wellcome, Research Triangle Park, N.C., and D1694 was provided by F. T. Boyle of Zeneca Pharmaceuticals, Cheshire, United Kingdom.
Inhibition of malarial parasite TS. Recombinant malarial parasite DHFR-TS was purified to homogeneity as described previously (14, 32a) . A discontinuous tritium release assay was used to measure enzyme activity under initial rate conditions (14, 31) .
Cell culture. Plasmodium falciparum clones D6 and W2 were kindly provided by D. Kyle and W. Milhous, Walter Reed Army Institute of Research (27) , and FCR3, HB3, and 3D7 were provided by T. Wellems, National Institutes of Health (27) . Parasites were propagated in vitro as described previously (35) . Mouse lymphocytic leukemia (L1210) cells were obtained from the American Type Culture Collection, Manassas, Va.
Antiproliferation assays. All cytotoxicity assays were performed in 96-well plates (5, 24, 28) . P. falciparum-infected erythrocytes were set up with 0.5% initial parasitemia in 2% hematocrit and were exposed to various concentrations of 1843U89 for 48 h and then pulsed with 0.5 Ci of radioactive hypoxanthine for 24 h. Mouse L1210 cells were set up at an initial density of 4,000 cells per well in a 96-well plate with various concentrations of 1843U89. After 48 h, the cells were exposed to 0.5 Ci of hypoxanthine for 24 h. In all cases, incorporation of radioactivity into precipitable nucleic acids again served as a measure of cell proliferation.
RESULTS
Inhibition of malarial parasite TS by 1843U89. Exposure of purified malarial parasite TS to various concentrations of 1843U89 in the presence of subsaturating concentrations of substrates revealed that the compound was effective at nanomolar concentrations ( Fig. 2A) . It was not necessary to have 1843U89 in a polyglutamate form in order to see potent inhibition. In contrast, D1694 without polyglutamylation inhibited malarial parasite TS only at concentrations in the micromolar range ( Fig. 2A) .
Tightness of 1843U89 binding. A detailed kinetic analysis of the binding interactions between malarial parasite TS and 1843U89 showed that this compound was noncompetitive with respect to methylenetetrahydrofolate (Fig. 2B) . From a secondary plot of the slopes of the inhibition lines from Fig. 2B , 1843U89 was found to have a K i of 1 nM against malarial parasite TS (Fig. 2C) .
Antiproliferative activity of 1843U89 against P. falciparum. As with mammalian L1210 cells, nanomolar concentrations of 1843U89 were sufficient to inhibit proliferation of the human malarial parasite P. falciparum (Fig. 3A) . Parasite clones that were derived from different parts of the world and that showed large differences in resistance to traditional antimalarial com-pounds (27) were approximately equally sensitive to 1843U89. For clones D6, HB3, 3D7, and W2 the 1843U89 IC 50 was 70 nM both with and without 10 M thymidine (data not shown). The IC 50 for clone FCR3 was slightly higher (200 nM). Antimalarial activity of 1843U89 in the presence of thymidine. P. falciparum-infected erythrocytes as well as mouse L1210 cells were tested for their sensitivities to 1843U89 in the presence of 10 M thymidine. Unlike mammalian cells, all malarial parasite clones remained completely sensitive to 1843U89 in the presence of thymidine (Fig. 3B ).
DISCUSSION
Given the absence of pyrimidine salvage pathways in P. falciparum, the whole de novo pyrimidine biosynthesis pathway can be considered a potential target for selective chemotherapy. Yet, with one exception (24) , most inhibitors of de novo pyrimidine biosynthesis enzymes have unimpressive antiproliferative activity against intact malarial parasites (18, 22, 32) . Atovaquone, which was originally thought to act by blocking the biosynthesis of orotate, inhibits parasite proliferation primarily by disrupting mitochondrial membrane potential (34) .
The compound with a truly potent and selective antimalarial activity directed at pyrimidine metabolism is 5-fluoroorotate. This compound inhibits parasites with an IC 50 of about 5 nM (24) , is equally effective against drug-sensitive as well as drugresistant P. falciparum (24) , and can cure malaria in mice and is orally available (12, 23) . However, in order to use this com-pound as a single agent without the possibility of drug resistance (11, 25, 27) , it is necessary to achieve concentrations in the serum of the treated animal that approach 1 to 10 M (23). Such concentrations are dangerously close to what is tolerated in mammalian cells (23) .
The primary mechanism by which 5-fluoroorotate causes parasite death is probably quite different from the mechanism by which high doses of 5-fluoroorotate cause toxicity in the host. It is known that nanomolar levels of 5-fluoroorotate inhibit TS in malarial parasites (26) . The toxicity of high levels of 5-fluoroorotate, in contrast, probably arises from incorporation of 5-fluoropyrimidine nucleotides into RNA and possibly DNA (8, 13, 20) . This complicates the strategy of using nucleosides to rescue mammalian cells. Thymidine or uridine alone decreases the toxic effects of very high doses of 5-fluoroorotate but does not completely eliminate them (24) .
In contrast to 5-fluoropyrimidine-based strategies, folatebased strategies have some distinct advantages. Folate analogs are not metabolically degraded and they cannot be incorporated into nucleic acids. If a folate analog inhibits TS with potency, selectivity will arise automatically if TS is the only target of the antifolate.
In the present study, we demonstrate that 1843U89 inhibits malarial parasites at midnanomolar concentrations. This is an approximately 1,000 times greater potency than that of the previous folate-based TS inhibitor tried against malarial parasites. Unlike folate-based DHFR inhibitors, which show as much as 1,000-fold differences in their antiproliferative activities against different clones of P. falciparum (6, 9, 10, 21, 39) , 1843U89 was approximately equally effective against all parasite clones tested. 1843U89 seems to act through a mechanism which is independent of all currently used antimalarial drugs and which is independent of the common drug resistance mechanisms used by malarial parasites. The mechanism that underlies the slight resistance of clone FCR3 to 1843U89 is not yet clear. Consistent with the inability of malarial parasites to salvage pyrimidines, inhibition of parasite proliferation by 1843U89 persisted even in the presence of thymidine. In sharp contrast, in the presence of 10 M thymidine, mouse L1210 cells were not susceptible to 1843U89, even when the limits of solubility of this compound were approached.
It is expected that small variation in the structure of 1843U89 might result in even more potent activity against malarial parasites, either because the compound binds to malarial parasite TS better or because it is a better substrate for transport or polyglutamylation in the parasite.
